Purpose: To characterize inner retinal damage in patients with dry age-related macular degeneration (AMD) using high-resolution spectral domain optical coherence tomography images.
A ge-related macular degeneration (AMD) is the leading cause of vision loss with an estimated prevalence of 6.5% among people 40 years of age and older in the United States. 1 Moreover, the number of people having AMD would be expected to increase by 50% to 2.95 million in 2020 because of a rapidly increasing aging population. 1, 2 Age-related macular degeneration is generally believed to be a disease of the outer retina, and tissue replacement therapy in eyes with AMD such as stem cell therapy, retinal pigment epithelium transplantation, or retinal prostheses is being investigated. [3] [4] [5] It is important to know if replacing the retinal pigment epithelium and/or photoreceptor layer can restore vision when there is a damage to the inner retina. For this reason, the ability to study inner retinal structures in eyes with AMD will give important information on the limits of therapy in patients with advanced outer retinal diseases.
Optical coherence tomography (OCT) has become the standard imaging modality to diagnose and guide treatment for various retinal diseases. 6, 7 Recently introduced automated segmentation software enables in vivo quantitative and qualitative analyses of retinal layers. 6 The retinal ganglion cell complex (GCC), comprised of the retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), and inner plexiform layer (IPL), has been used as a diagnostic marker in glaucoma. 8 Recently, the automatic GCC algorithm has gained a popularity among retinal specialists, and GCC thicknesses have been studied in several diseases, including diabetic retinopathy, 9 macular telangiectasia, 10 and AMD. [11] [12] [13] [14] [15] In diabetes mellitus, it has been shown that changes in GCC may occur before the development of clinically evident retinopathy. Similarly, studies evaluating the inner retinal changes in patients with dry AMD showed that the GCC significantly decreased even in the early stages of the AMD disease. [11] [12] [13] [14] [15] On the other hand, in all previous studies, the GCC was analyzed using automated segmentation without checking the accuracy of delineation of segmented retinal layers. Indeed, the OCT device used (Cirrus, Zeiss, Germany) does not allow manual correction of retinal layers, and it has been also previously shown that automated segmentation can be affected by retinal atrophy or elevation. 16 Moreover, despite optimized software, segmentation errors occur in 26.8% scans and are more common than patient-or operated-related errors. 17 However, in the previous reports, no information has been provided on whether eyes with diabetes mellitus and high myopia were included, which may bias results. Thus, accurate delineation of retina layers with a refined study population is essential to better understand the disease pathogenesis. For these reasons, we wished to study the inner retinal layers in patients with dry AMD with strict inclusion and exclusion criteria using high-resolution spectral domain optical coherence tomography images with accurate segmentation, and we compared our results with age-matched healthy subjects using the most recent high-resolution Spectralis spectral domain optical coherence tomography software.
Methods
This was a retrospective study of 60 patients with dry AMD and 30 age-matched healthy controls. The University of California, San Diego Institutional Review Board approval was acquired for the review and analysis of patients' medical records. The study adhered to the tenets of the Declaration of Helsinki for research involving human subjects and complied with Health Insurance Portability and Accountability Act (HIPAA) regulations.
Patients with a diagnosis of dry AMD who were referred to the Jacobs Retina Center at the Shiley Eye Institute, Department of Ophthalmology, University of California, San Diego between 2008 and 2015 were selected using a search of a local database server. Then, multimodal imaging including spectral domain optical coherence tomography, fluorescein angiography, autofluorescence, and infrared reflectance using the Heidelberg Spectralis (Spectralis HRA-OCT, software 6i; Heidelberg Engineering, Carlsbad, CA) was reviewed. When two eyes of the same subject were eligible, one randomly selected eye of each subject was included. We hypothesized that the change in retinal layer thicknesses would not be the same in eyes with differing severity of dry AMD. Thus, we categorized the patients based on the Age-Related Eye Disease Study (AREDS) classification into AREDS-2 or AREDS-3 to show the change in individual retinal thickness layers in different severity of the disease using multimodal imaging. We are aware that this classification might be ordinal in an era of advanced imaging instruments. However, this has been used in clinical trials and would give an opportunity to compare our results with previously reported studies. Based on this classification, Category 2 was defined as the presence of multiple small drusen, and Category 3 was defined as the presence of numerous medium drusen or one or more large drusen (.125 mm). 18 All imaging modalities were reviewed by two independent retina specialists (I.K.M. and R. G.) at different sessions to ensure grading accuracy. When there was a disagreement, the decision of a third experienced physician (W.R.F.) was asked, and a consensus was achieved for all cases.
Optical Coherence Tomography Image Acquisition and Evaluation of Retinal Layers
All scans were acquired after optimal pupil dilation using the most recent Spectralis OCT Heidelberg Eye Explorer mapping software (version 6.0c). Macular volume cubes centered on the fovea consisting at least 49 B-scans with a minimum of nine automated real-time repetition rate were obtained. The inbuilt software defined the RNFL, GCL, and IPL thicknesses as the distance between internal limiting membrane and outer boundary of RNFL, the distance between outer boundary of RNFL and outer boundary of ganglion layers, and the distance between the outer boundary of ganglion cells and outer boundary of IPL, respectively.
In each case, the autosegmentation mode that automatically defined the inner and outer boundaries of retinal layers were first activated. Then, all scans were carefully checked for the segmentation errors. Segmentation error was defined as improper delineation of the presentative lines in any portion of at least one cross-sectional image. 19 The need for accurate delineation was noted. If needed, manual adjustment was performed starting from the innermost layer toward the outer retinal layers, paying close attention to the reflectivity of each layer. When the software was not able to draw the borders of each layer, boundary lines were manually drawn using the software's caliper function. If the outer and/or inner boundary deviated away from the exact location at another level, careful manual adjustment was performed. As a last step, RNFL, GCL, and IPL thicknesses were noted in macular subfields that were determined by the Early Treatment Diabetic Retinopathy Study (ETDRS) circle with inner (1 mm diameter) and outer circles (3 mm diameter) as follows: central (within 1 mm), superior, temporal, inferior, and nasal quadrants. The total average thicknesses of parafoveal retinal layers were also reported. Central macular thickness (the average thickness within the 1 mm of ETDRS circle) was measured from the innermost internal limiting membrane to Bruch membrane complex with manual adjustment for all cases, paying close attention to cases with retinal pigment epithelium-Bruch membrane complex abnormalities. All images were analyzed by two independent experienced retina specialists (I.K.M. and R.G.) using the same computer display and monitor settings 24 hours apart.
Baseline demographic data including age, sex, and presence of systemic diseases were documented as recorded from the charts. A Snellen visual acuity and intraocular pressure by Goldmann applanation tonometry were obtained within one week of retinal image acquisition and recorded. Patients were also checked for the presence of refractive errors. An agematched control group was selected from healthy subjects.
Exclusion criteria were history of glaucoma, intraocular hypertension, optic nerve disease, presence of refractive errors (spherical equivalent ranging from +3 to 23 D), presence of vitreoretinal interface disorders, history of vitrectomy, history of any laser treatment, or any other retinal diseases likely affect to retinal layer thickness. Patients with a diagnosis of diabetes mellitus were also excluded because of potential confounding effects on the GCL thickness. 9 
Statistical Analysis
The agreement between the two graders was checked using the intraclass correlation coefficient (ICC). In randomly selected images, the agreement for the mean RNFL, GGL, and IPL was found to be high (ICC = 0.87, ICC = 0.89, and ICC = 0.87) among the observers. Continuous variables were reported as mean and SD. Categorical variables were compared using the chi-square test. Normality was checked using the Kolmogorov-Smirnov test. One-way analysis of variance with the Tukey test was used to compare mean outcomes in the three groups. The statistical significance level was set as P , 0.017 for the Bonferroni correction comparing three different groups. All statistical analyses were performed using SPSS (SPSS, Inc, Chicago) version 23.
Results
Sixty eyes of 60 patients with dry AMD and 30 eyes of 30 healthy subjects were included. In the overall study population, 90% of eyes (81 eyes) required manual correction in delineation of retinal layers in at least 1 B-scan. Four AREDS-3 eyes, three AREDS-2 eyes, and 2 eyes from the control subjects did not require manual correction of segmentation. The baseline characteristics of the patients are summarized in Table 1 . There was no significant difference in intraocular pressure, spherical equivalent, or signal strength between groups. The best-corrected visual acuity was significantly lower in the AREDS-3 group compared with the control and AREDS-2 groups (P , 0.001). In the overall study population, visual acuity (logarithm of the minimum angle of resolution) was negatively correlated with mean GCL thickness (r = 20.26, P = 0.015), mean IPL thickness (r = 20.34, P = 0.001), and mean GCC thickness (r = 20.298, P = 0.006).
The AREDS-3 group had a significantly lower IPL thickness in all parafoveal quadrants (P , 0.05), except the superior quadrant and the central 1 mm 2 when compared with healthy eyes (P = 0.07, P = 0.37, respectively). The mean decrease in IPL thickness in the AREDS-3 group was very mild, 1.9% in the central 1 mm 2 , and 6.8% in the central 3 mm 2 when compared with the control group. Moreover, the decrease in mean IPL thickness was most prominent in the temporal quadrant (8.5%), followed by the nasal (8.1%), inferior (7.2%), and superior (5.8%) quadrants. Table 2 shows the distribution of mean RNFL, GCL, and IPL thicknesses among patients with dry AMD and control subjects.
Although mean GCL thickness was slightly thinner in all quadrants in the AREDS-3 group compared with the AREDS-2 group and healthy subjects, there was no significant difference in mean GCL thickness in any quadrant in the three groups (P . 0.05 for all comparisons).
The mean GCC thickness in the temporal and inferior quadrants was significantly lower in the AREDS-3 group compared with the control group (P , 0.05). However, there was no significant difference in the mean GCC thickness in the central 1 mm of the ETDRS circle, superior and nasal quadrants between the groups. The decrease in the GCC thickness was mostly due to the thinner IPL layer in the AREDS-3 group. Figure 1 shows the distribution of GCC thickness in different quadrants among the groups. There was a mild decrease in the mean GCC thickness within central 1 mm 2 (less than 1.0%). The most prominent decrease in the mean GCC thickness was detected in the inferior (6.5%) quadrant, followed by the temporal (5.8%) and nasal quadrants (5.3%). The average total decrease in GCC within the central 3 mm 2 was 4.5% in the AREDS-3 group compared with control subjects. Despite significant differences in some inner retinal layers between the control and AREDS-3 groups, the AREDS-2 group did not exhibit any difference in inner retinal layer thicknesses. Variables are represented in microns as mean ± SD. There is no significant difference in any retinal layer thickness between control subjects and the AREDS-2 group.
*One-way analysis of variance. Superior = total average = mean thickness within 3 mm of Early Treatment Diabetic Retinopathy Study circle. Bold values: statistically significant.
The mean RNFL thickness in all quadrants was similar in the three groups (P . 0.05 for all quadrants, one-way analysis of variance). In addition, there was no significant difference in central macular thickness among the three groups (P . 0.05, one-way analysis of variance).
Discussion
In this study, after manual correction of segmentation to ensure appropriate delineation in the majority of patients, we show that the RNFL and GCL are preserved in the central fovea and parafovea in patients with dry AMD. However, as disease progresses in patients with dry AMD, the IPL becomes involved. A decrease in the mean IPL thickness is seen most prominently in horizontal quadrants with the least decrease in the central fovea, and a decrease in the GCC thickness is present in the inferior quadrant followed by the temporal quadrant. Because the GCL is absent over the fovea, these findings may suggest that transsynaptic degeneration occurs first with dendrite loss, and the parafovea is more vulnerable to inner retinal changes in dry AMD. Another hypothesis may be that the retinal photoreceptors and cells in the inner retinal layers, particularly the inner nuclear layer, are chronically hypoperfused and ischemic from microvascular choroidal damage from AMD. 20 In accordance with our results, a histopathologic study comparing the number of GCL neurons in eyes with dry AMD and controls found that the number of ganglion cells was similar in all groups. Moreover, investigators demonstrated that the number of the macular photoreceptors in patients with dry AMD was similar to that in control eyes with a moderate loss in the parafovea. 12 Despite a significant increase in the recently published reports assessing the GCC change in various diseases including AMD, [11] [12] [13] [14] we are not aware of any study evaluating the GCC using accurate manually corrected retinal segmentation. In all previous cross-sectional reports analyzing the morphologic changes in the inner retina in patients with AMD, automated segmentation obtained by Cirrus OCT was used. [11] [12] [13] [14] However, the latest commercial retinal layer segmentation algorithm on Cirrus OCT has scan artifacts and errors in the ganglion cell algorithm in healthy eyes as often as 26.8%. Among the scans with errors, segmentation errors are more common than operator-related errors, which would likely introduce bias including over or underestimation of inner retinal layers. It is also likely that these errors are more frequent in the presence of retinal diseases. 16 To minimize softwarerelated issues, we carefully checked all scans to ensure accurate delineation of each inner retinal layer. Although the rate and causes of software algorithm errors were not the main outcome of our study, we noted that almost 90% of eyes required manual correction of segmentation, suggesting that interpretation of results without manual correction and/or lack of confirmation of accurate segmentation may be misleading. Table 3 shows the difference in the method and results between previous published reports and our study; however, because of the difference in imaging algorithms and instruments used (Spectralis vs. Cirrus OCT), this comparison is not a head-to-head comparison. Cirrus OCT measures the ganglion cell-IPL thickness automatically using 3-dimensional information from the macular cube in an oval annulus shape. The annulus comprises a vertical inner and outer diameter of 1.2 mm and 4.8 mm, respectively. However, using Spectralis, we reported the thickness-related parameters based on the ETDRS circle in the central subfield area (1 mm of fovea) and parafovea (3 mm of fovea).
There are some limitations of our study, including a relatively small cohort of patients and crosssectional study design. We did not include those with advanced geographic atrophy; however, a study showing the change in the GCL thickness has been submitted for publication by our group. We are also aware of studying retinal thickness in several quadrants, which would likely introduce Type 1 error in the statistics; however, we believe that only further studies with a very large number of patients would eliminate this bias. Despite these limitations, to the best of our knowledge, this is the first study assessing the GCC in patients with dry and wet AMD using appropriate segmentation of retinal layers. We inspected at least 49 B-scan images per eye to overcome the software-related segmentation errors and believe that a well-defined study population with strict exclusion criteria allows us to draw reliable conclusions from the results.
In conclusion, in mild and intermediate dry AMD patients, inner retinal layers including the RNFL and GCLs are well preserved in the central fovea and parafovea despite some disruption in outer retinal layers, consistent with histopathologic reports. However, as macular degeneration progresses, the IPL becomes thinned, suggesting that transsynaptic degeneration of ganglion cell dendrites occurs with photoreceptor loss. The total average decrease in the GCC within 3 mm 2 was modest, 4.5%, and this decrease was mostly prominent in the inferior quadrant followed by the temporal quadrant. This finding suggests that there may be still more than adequate inner retinal cellular density to permit the goal of high-resolution retinal prosthesis or transplantation of photoreceptor or retinal pigment epithelium complex to salvage vision in AMD eyes.
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